We dissected 20 cadaver hips in order to investigate the anatomy and excursion of the trochanteric muscles in relation to the posterior approach for total hip replacement. String models of each muscle were created and their excursion measured while the femur was moved between its anatomical position and the dislocated position. The position of the hip was determined by computer navigation.
We dissected 20 cadaver hips in order to investigate the anatomy and excursion of the trochanteric muscles in relation to the posterior approach for total hip replacement. String models of each muscle were created and their excursion measured while the femur was moved between its anatomical position and the dislocated position. The position of the hip was determined by computer navigation.
In contrast to previous studies which showed a separate insertion of piriformis and obturator internus, our findings indicated that piriformis inserted onto the superior and anterior margins of the greater trochanter through a conjoint tendon with obturator internus, and had connections to gluteus medius posteriorly. Division of these connections allowed lateral mobilisation of gluteus medius with minimal retraction. Analysis of the excursion of these muscles revealed that positioning the thigh for preparation of the femur through this approach elongated piriformis to a maximum of 182%, obturator internus to 185% and obturator externus to 220% of their resting lengths, which are above the thresholds for rupture of these muscles.
Our findings suggested that gluteus medius may be protected from overstretching by release of its connection with the conjoint tendon. In addition, failure to detach piriformis or the obturators during a posterior approach for total hip replacement could potentially produce damage to these muscles because of over-stretching, obturator externus being the most vulnerable.
Release of soft tissue during total hip replacement (THR) should be balanced between 'sufficient' to perform the surgery safely and to allow adequate insertion of an implant and 'less invasive' to preserve soft tissue, which may lead to less post-operative pain, 1 quicker rehabilitation 2 and a more stable joint. 3 The posterior approach to the hip is one of the most commonly used for THR and involves detachment of the tendons of piriformis, obturator internus and obturator externus as they insert into the greater trochanter. [4] [5] [6] These muscles are stabilisers of the hip and their detachment has been implicated in the higher rates of dislocation reported after THR performed through a posterior approach. [7] [8] [9] [10] [11] In recent years, THR through minimal or less invasive surgery, which involves restricted release of tendons and muscles, has gained popularity. Most reports of less invasive posterior approaches to the hip advocate preservation of either piriformis 2, 12, 13 or obturator externus. 3 In spite of the claims of less surgical trauma and better preservation of soft tissue, objective investigations using gait analysis have been unable to show early improved function after THR performed through minimally invasive surgery compared with the use of classic techniques.
14 Although this was attributed to the quick recovery of muscles released at the time of surgery during traditional approaches, 4 an alternative explanation is unappreciated surgical damage related to forceful retraction or limb manipulation during minimally invasive surgery. Intra-operative electromyography has shown that muscular retraction duringTHR can partially denervate the muscles involved. 15 In the absence of adequate release of soft tissues, fractures 16 and avulsion and rupture of muscle can occur after excessive manipulation of the thigh. When a muscle is at its normal resting length, the individual sarcomeres have a length of approximately 2 μm. 17, 18 At this length, all the actin and myosin filaments overlap, producing maximum active tension for optimal contraction. As the muscle is progressively lengthened, these filaments are progressively pulled apart and active tension in the sarcomere decreases. When a muscle is stretched beyond approximately 180% of its normal length, or the length of the sarcomere is stretched beyond 3.6 μm, 17, 18 all the actin and myosin filaments are pulled apart entirely, and at this length 18 the muscle is damaged beyond repair. With the exception of gluteus minimus, 19 the insertion of the trochanteric muscles is poorly described and their function reported inconsistently. Traditionally, the insertion of piriformis has been described as occurring through a round tendon on to the medial side of the upper border of the greater trochanter. 20, 21 The insertion of obturator internus on the greater trochanter has been reported as being separate from that of piriformis, anterosuperior to the piriform fossa. 20, 21 Detailed knowledge of the anatomy of piriformis, obturator internus and obturator externus may help in the understanding of the effects which their preservation or release may have on the exposure of the hip during the posterior approach for THR and may help to optimise this exposure while minimising muscular damage.
Our aim was to investigate the anatomy of piriformis and the two obturator muscles. Anatomical dissections of these muscles were undertaken and string models of each muscle constructed as previously described for gluteus minimus. 19 The muscle excursions were measured during the positioning of the hip for a posterior approach, using computer navigation to determine the position of the femur relative to the pelvis.
Materials and Methods
A total of 20 hips were dissected from ten embalmed cadavers with no documented medical history and no findings on dissection suggestive of pathology of the hip. Dissection was undertaken until only gluteus medius, gluteus minimus, piriformis, obturator internus and externus, the two gemelli and the bony, ligamentous and capsular structures of the pelvis remained. The origins, insertions and the relations of piriformis, obturator internus and obturator externus with their neighbouring structures were documented. A caliper was used to measure the lengths of these muscles and tendons.
On the left side of one pelvis, piriformis and the tendons of both obturators were detached from the greater trochanter, in one layer with the posterior capsule as performed during the posterior approach to the hip. After the arthrotomy, the femur was dislocated and positioned as required for its preparation during THR. On the right side of the same pelvis, piriformis and the tendons of the obturators were similarly detached from the greater trochanter and the connection between gluteus medius and Anteroposterior a) and lateral b) photographs showing the string model of piriformis (arrows). This model was used to measure muscle excursion by computer navigation (arrowheads -pelvic and femoral sensors for computer navigation). This was measured as string movement on the scaled paper on the board to which the model was attached (*). Upward movement was equivalent to muscular shortening while downward movement indicated muscular lengthening. piriformis, located between the posterior margin of gluteus medius and the superior margin of the greater trochanter, was released down to the superior border of the greater trochanter. After the arthrotomy, the femur was dislocated and positioned as required for THR. The degree of retraction of gluteus medius necessary to expose the medial aspect of the trochanter was then compared between the two sides.
Plastic pelvis and femur sawbones (Models 4060 and 2167; Synbone AG, Malans, Switzerland) in combination with THR prostheses, were used to create string models for each of piriformis, obturator internus and obturator externus based on the model of gluteus minimus previously described 19 ( Fig. 1) . In order to investigate the differences in function and excursion between the different parts of each muscle, it was divided into several sectors, each representing a part of the muscle with a similar orientation of its fibres as previously described. 19 Piriformis was divided into three, obturator internus into six and obturator externus into five equal sectors. For each muscle the most inferior sector was defined as sector 1 with the other sectors following in sequential order. Each sector was represented by a non-stretchable Cajun line (0.431 mm in diameter, 36.3 kg resistance, Shakespeare Co, Columbia, South Carolina) firmly fixed at its insertion on the proximal femur and directed by eyelets through their origins, onto a wooden board where its excursions could be measured (Fig. 1) . The excursion of each muscle sector was recorded after the femur was moved from the anatomical position to that simulating the position required for femoral preparation. The position of the femur was determined using computer navigation (VectorVision Compact Navigation Station and VectorVision hip version 3.1.0 Build 242 software; BrainLAB AG, Feldkirchen, Germany). All the measurements were repeated by three investigators (YCL, SAC, LBS) and the mean value was calculated (Table I ). The position of the femur required for its preparation during a posterior approach was determined before the study by averaging the intra-operative position measured in ten THRs performed through this approach. It was found to be a combination of 60° of flexion, 20° of adduction, 90° of internal rotation and 3 cm of lateral translation from the anatomical position.
When performing a THR through a posterior approach most surgeons aim to position the femoral stem in 15° of anteversion. In order to achieve this, the surgeon either internally rotates the femur 90° and introduces the stem at 15° to the horizontal plane or internally rotates the femur 105° and introduces it parallel with the horizontal plane. During this procedure, the external rotators of the hip, piriformis and the obturators, are stretched progressively with the degree of internal rotation applied to the hip. For the purposes of our study, the least amount of internal rotation was applied to the femur when simulating the position for its preparation. Superior a) and anterosuperior b) photographs of the conjoint tendon (*), gluteus medius (Gmed) and minimus (Gmin) insertion on the greater trochanter. The conjoint tendon is inserted over the entire superior and anterior margins of the greater trochanter (white arrowhead, capsular expansion of conjoint tendon; black arrowhead, connection between the conjoint tendon and gluteus medius; p, piriformis; and oi, obturator internus;◊, space between gluteus medius and the conjoint tendon on the lateral aspect of the greater trochanter anterior to the fibrous connection between the two). Results Findings of dissection. In all dissections, piriformis originated from the anterior surface of the ipsilateral half of the second to fourth sacral vertebrae. It descended laterally to leave the pelvis through the greater sciatic notch. Obturator internus had two main areas of origin, one from the rami surrounding the obturator foramen and the other from the quadrilateral plate. From its origins, the muscle fibres were directed in an almost transverse plane to leave the pelvis through the lesser sciatic notch. The cylindrically-shaped tendons of piriformis and obturator internus joined to form a conjoint tendon before their insertion on the proximal femur. The length of the conjoint tendon, defined as the distance between the point at which the two tendons united to the junction between the posterior and superior margins of the greater trochanter, varied between 0.5 cm and 2 cm (Fig. 2) . Within the conjoint tendon, fibres continuing the tendon of piriformis were located mainly superiorly and then anteriorly to those continuing as the tendon of obturator internus, but the two tendons could not be completely separated after they had joined. After its formation, the conjoint tendon flattened and inserted on the superior margin and the entire medial surface of the greater trochanter as far as the proximal part of the anterior intertrochanteric line (Fig. 2) . The conjoint tendon had several connections: medially with the joint capsule, laterally with the posterior margin of gluteus medius and inferiorly with the tendon of obturator externus (Figs 2 and 3) . In all 20 hips, the connections of the conjoint tendon with gluteus medius and the capsule were in the sagittal plane and measured more than 1 cm in height. Anterior to their connection and their most posterior trochanteric insertion, the conjoint tendon and gluteus medius were separated by a fat pad, with gluteus medius taking a lateral insertion on the greater trochanter Lateral photograph and diagram of a left hemipelvis. The insertions of gluteus maximus (Gmax) from the iliac crest and femur have been released and the muscle is reflected posteriorly on its sacral insertion. Gluteus medius (Gmed), piriformis (p) and obturator internus (oi) are shown approaching the greater trochanter. The dissector's index finger elevates and exposes the large connection between gluteus medius and piriformis (black arrow) before piriformis joins obturator internus to form the conjoint tendon (black arrowhead) (sn, sciatic nerve).
(Figs 2b, 4 and 5). Apart from a fibrous connection with the joint capsule, the conjoint tendon was easily separated medially and inferiorly from the femoral neck and the capsule (Fig. 2) .
Complete release of the connection between the conjoint tendon and gluteus medius allowed the superior margin of the greater trochanter to be uncovered with ease from the deep surface of gluteus medius and thus the entire medial surface of the greater trochanter could be exposed without the need to retract gluteus medius. By contrast, with incomplete release of the connection between the conjoint tendon and gluteus medius, the latter remained tethered to the medial surface and superior margin of the greater trochanter and retraction of the posterior margin of gluteus medius was needed to expose most of the medial surface of the greater trochanter.
In all dissections, obturator externus originated from the external bony margin of the obturator foramen and was directed laterally, passing like a sling under the femoral neck to insert into the piriformis fossa through a cylindrical tendon. The tendon of obturator externus had connections with the joint capsule and the conjoint tendon in 16 of 20 specimens. When present, these connections were small fibrous bridges with a height of 1 mm to 2 mm.
Piriformis had a mean total length of 14 cm, its tendon measured a mean of 10 cm and the length of its muscle fibres ranged between 5 cm and 10 cm in every specimen. Obturator internus had a mean total length of 16 cm, its tendon measured a mean of 10 cm and the length of its muscle fibres ranged from 4.0 cm to 7.5 cm in every specimen. Obturator externus had a mean total length of 11 cm, its tendon measured a mean of 5 cm and the length of its muscle fibres ranged between 4.5 cm and 10 cm in every specimen. There was no difference in the length of the muscle fibres observed between each muscle sector investigated in the string models. String model and computer navigations findings. Positioning the femur to simulate the position required for femoral preparation lengthened piriformis by a mean of 3.5 cm, obturator internus by a mean of 3.0 cm and obturator externus by a mean of 5.2 cm (Tables I and II and Fig. 6 ). This elongation translated to a relative muscle lengthening in each sector of up to 182% (131 to 182) for piriformis, up to 185% (143 to 185) for obturator internus, and up to 220% (150 to 220) for obturator externus.
Discussion
A detailed knowledge of the anatomy of piriformis, obturator internus and obturator externus may help to understand the effects of the preservation or release of these tendons and their connections when exposing the hip through this surgical approach.
In all our specimens the tendons of piriformis and obturator internus converged into a conjoint tendon before inserting on the greater trochanter. The insertion of the conjoint tendon and its connection with gluteus medius has practical implications for surgery performed through this approach. If the approach involves detachment of piriformis, the posterior margin of gluteus medius remains connected to the insertion of the stump of piriformis to the superior margin of the greater trochanter, irrespective of how close the conjoint tendon is released from the trochanter. In order to allow gluteus medius to glide over the lateral aspect of the trochanter with minimal or no retraction, for the femoral preparation part of a THR, the expansion between the conjoint tendon and gluteus medius has to be released (Figs 4 and 5) . In doing so the surgeon exposes the fat pad which separates the insertion of gluteus medius to the lateral aspect of the greater trochanter and the insertion of the conjoint tendon to the superior margin of the trochanter (Figs 2b, 4 and 5) .
If piriformis is preserved, the conjoint tendon should be divided between piriformis and obturator internus as close as possible to the anterior aspect of the greater trochanter. The tendon of piriformis can then be released from its footprint up to the superior margin of the greater trochanter until the fat pad between piriformis and gluteus medius is exposed. Release of the piriformis component from the conjoint tendon, with preservation of its connection to gluteus medius, will maintain its continuity to the greater trochanter. This also reduces the tension on piriformis while the femur is positioned for its preparation during THR. Exposing the fat pad between piriformis and gluteus medius allows the two tendons to glide over the lateral aspect of the trochanter, during femoral preparation with minimal or no retraction. The same space between the trochanteric insertions of piriformis and gluteus medius is exposed during the trochanteric slide osteotomy for surgical dislocation of the hip. In this technique, the space between piriformis and gluteus medius is opened by sacrificing the most posterior fibres of gluteus medius, which remain attached to piriformis, and then the trochanteric slide osteotomy separates gluteus medius, which is inserted on the osteotomised part of the greater trochanter, from piriformis, inserted on the non-osteotomised part. 22 By applying the knowledge gained from our dissections to our clinical practice, we have found that exposing the fat pad between gluteus medius and the greater trochanter has been the single most important surgical step in protecting this muscle during THR through a posterior approach. After detachment of piriformis and the two obturators from the greater trochanter in one layer with the hip Diagram showng the proximal left femur after removal of the femoral head illustrating the muscular insertion on the greater trochanter (Gmed, gluteus medius; Gmin, gluteus minimus; p, piriformis; oi, obturator internus; *, conjoint tendon; oe, obturator externus; black arrow, connection between the conjoint tendon and gluteus medius; ◊, space separating the conjoint tendon and insertion of the tendon of gluteus medius on the lateral side of the greater trochanter, anterior to their connection; and white arrow, fibrous connection between conjoint tendon and obturator externus). capsule, we identify the connection between the stump of the conjoint tendon and gluteus medius. This connection is found behind the posterior margin of gluteus medius, between the tendon of gluteus medius and the insertion of the stump of the conjoint tendon on the superior margin of the greater trochanter. It is then divided, thus exposing the fat pad between gluteus medius and the greater trochanter (Fig. 4) . The tendons of obturator externus had expansions to the joint capsule and the conjoint tendon, which in most cases were very small. Such small expansions have implications for THR if this is performed through a posterior approach and the tendon of obturator externus is detached in one flap with quadratus femoris without the tendon being exposed. The blind passing of stay sutures through quadratus femoris is likely to miss going through the tendon of obturator externus. If such an approach is used and the expansions of the tendon of obturator externus are small, they will be at a high risk of being severed at the time of release without the surgeon being aware of it. A fully detached tendon of obturator externus which has not been tagged and has no capsular attachments will retract and will not be repairable at the end of the operation.
In our string models we found that the manipulation of the femur stretched the muscles investigated by 3 cm to 5 cm. As tendon tissue has a very limited capacity to stretch, 23 these elongations represent clinically important stretching of fibres in the muscles investigated. By showing that the intra-operative positioning of the femur can stretch piriformis and the obturators beyond their threshold for rupture, we demonstrated that failure to detach them during the posterior approach to the hip may produce partial or complete irreversible damage of these muscles. If the technique to position the femoral stem in 15° of anteversion involves 105° of internal rotation, rather than 90°, this will stretch the fibres of the muscles in question even more and further increases the risk of irreversible damage to unreleased muscles. A similar effect may be seen if an increased amount of lateral translation is applied to the femur, as may be required in large and/or short patients. As an alternative to detaching piriformis, division of the conjoint tendon and release of piriformis from the greater trochanter with preservation of its connection to gluteus medius relaxes the muscle while maintaining its continuity with the greater trochanter through gluteus medius. The effect of such a release of piriformis on the excursion of the muscle while the femur is moved from the anatomical position to that which simulates the position required for femoral preparation could not be performed in this study, but theoretically such a step would reduce the tension on piriformis during the operation.
One of the proposed causes for the higher dislocation rates of THR performed through a posterior approach is the detachment of the posterior capsule and short external rotators. 6 Numerous authors have reported a reduced rate of dislocation when the posterior capsule and short external rotators have been repaired. 6, 7, [24] [25] [26] [27] However, despite the repair of the tendons of the obturators and piriformis, the rates of dislocation after the posterior approach for THR are still higher than when this operation is performed through other approaches. 28 In order to reduce further the rate of dislocation after the posterior approach, less invasive surgery with preservation of piriformis or obturator externus was introduced giving better results when compared with those of the standard posterior approach. 2, 3 Our findings should caution surgeons against indiscriminate preservation of piriformis or the obturator muscles Histogram showing the excursions (mean, range) of the different sectors of piriformis, obturator externus and obturator internus while the femur is manipulated to simulate the position for its preparation during total hip replacement performed through a posterior approach.
while performing a less invasive posterior approach for THR. Our study cannot help to identify pre-operatively the patient at risk or quantify the amount of damage caused by the manipulation of the thigh during femoral preparation through a posterior approach to the hip as a result of an unreleased piriformis, obturator internus or obturator externus. It does, however, demonstrate that muscular damage can occur if these muscles are not detached during the posterior approach for THR.
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